We present the excitation energies and lifetimes for the 3s3 p3d 4 F 7/2,9/2 levels for five aluminium-like ions of the iron group. Apart from the wavelengths, this also includes the transition probabilities and branching ratios for the electric-dipole allowed (E1) and forbidden (M1, E2, M2) lines into the energetically lower lying levels of the 3s 2 3d, 3s3 p 2 and 3s3 p3d configurations. Applying systematically enlarged multiconfiguration Dirac-Fock (MCDF) wavefunctions, here the effects of relativity and the electron-electron correlation are treated within the same (computational) model.
I N T RO D U C T I O N
The iron group elements are known to occur rather frequently in the Universe: they are found not only in a considerable quantity in the Sun and many types of stars, but also in a large number of other astronomical objects. In the past, therefore, the emission lines of the multiple charged iron group elements have been utilized in order to derive information about the temperatures and densities of different astrophysical plasmas. For example, the 'red coronal' line at 637.4 nm in the spectrum of Fe X and the 'green' line at 530.3 nm of Fe XIV are well known in astrophysics as two forbidden transitions that helped analyse the spectra of the solar corona. Observing the intensities of these forbidden lines, the Fe X/Fe XIV intensity ratio has facilitated the calibration of the local temperature of the solar plasma and, hence, the determination of the large-scale coronal temperature structure (Guhathakurta, Fisher & Altrock 1993) . In combination with other dipole-allowed transitions, moreover, the relative intensities of the emission lines of the iron group elements may serve also for the diagnostics of local densities.
Among the emission spectra of the multiple charged ions of the iron group, the spectra of the aluminium-like ions have attracted much recent interest because of their relatively simple shell structure with just three electrons outside of a closed neon core. For these ions, if one just considers single and double excitations within the n = 3 subshells, there are about 40 low-lying fine structure levels which belong to the configurations 3s 2 3 p, 3s3 p 2 , 3s 2 3d, 3s3 p3d and 3 p 3 , respectively. In fact, many investigations have been carried out for the aluminium-like ions during the last two decades E-mail: dongcz@nwnu.edu.cn both in experiment and by theory. Experimentally, several different light sources have been used to study the spectra and energy level structures of different aluminium-like ions including, for example:
(i) the laser-produced plasma measurements by Redfors & Litzen (1989) for the low-lying n = 3 levels of Ca VIII-Ni XVI; (ii) the beam-foil experiments by Träbert et al. (1993) for the 3s3 p3d 4 F levels of Ti X, Fe XIV and Ni XVI; (iii) the electron beam ion trap (EBIT) experiments by Moehs & Church (1999) and by Beiersdorfer, Träbert & Pinnington (2003) on the transition rate of the coronal transition of Fe XIV;
(iv) the heavy-ion storage ring experiment by Träbert (2004) for the transition rates of the coronal lines of Fe X and Fe XIV;
(v) and various others.
On the side of theory, moreover, there are now a large number of data sets available for almost all ions along the aluminium isoelectronic sequence. Apart from a few semirelativistic parameter potential studies by Farrag, Luc-Koening & Sinzelle (1981 , 1982 , which already revealed the trends of the level energies and oscillator strengths for the electric-dipole allowed transitions for ions up to Z = 93, detailed computations were carried out by Froese Fischer & Liu (1986) for all energy levels and lifetimes within the n = 3 complex of Fe XIV using multiconfiguration Hartree-Fock (MCHF) wavefunctions, as well as by Fawcett (1983) on the wavelengths and oscillator strengths of the allowed transitions within the third shell for ions from Cl V to Ni XVI. Moreover, Huang (1986) performed (small-scale) multiconfiguration Dirac-Fock (MCDF) calculations with Breit interaction and quantum electrodynamic (QED) correction for the energy levels and transition probabilities of all the low-lying 40 levels of the aluminium-like ions from Z = 13 to 106. More recently, Safronova et al. (2002) However, despite all the effort to understand the excitation and decay of the (40) low-lying levels of the aluminium-like ions, there still remain a number of questions on the excitation and decay of the aluminium-like ions. For the E1 forbidden transition between the two 2 P 1/2 and 2 P 3/2 fine-structure levels of the 3s 2 3 p ground configuration, for instance, there is not only a quite sizeable deviation between the computations by Froese Fischer & Liu (1986) and Bhatia & Kastner (1993) , but also a remarkable discrepancy of 5 per cent between two of the high-resolution experiments by Moehs & Church (1999) and those by Beiersdorfer et al. (2003) . In addition, most of the available experiments and computations focused on the E1 allowed transitions which connect the levels with angular momenta J = 1/2, 3/2 and 5/2, while neither the E1 forbidden transitions nor the branching fractions have been studied systematically for the J = 7/2 and 9/2 metastable levels. In practice, the decay of these metastable lines is important for a better understanding of astrophysical plasmas owing to the opacity of these lines. As pointed out by Beiersdorfer et al. (2003) recently for the green coronal line of Fe XIV, the lifetime of the 3s 2 3 p 2 P 3/2 level can be affected also by the radiation from the 3s3 p 2 2 D 5/2 line, while the population of the 3s3 p 2 2 D 5/2 level is compensated by means of a rather strong M2 transition from the highest angular momentum 4 F 9/2 level. Therefore, in order to improve the available data base on the aluminium-like ions for a few astrophysical relevant elements of the iron group, a further case study seems very appropriate and desirable, in particular, for the high-J levels.
In the present work, a systematic MCDF computation has been carried out for the eight high angular momentum levels from the 3s3 p 2 , 3s 2 3d and 3s3 p3d configurations. Apart from the excitation energies and lifetimes of these levels, here we consider both the electric-dipole allowed (E1) as well as the forbidden (M1, E2, M2) transition probabilities among these levels for the five (aluminiumlike) spectra Cr XII, Fe XIV, Ni XVI, Zn XVIII and Ge XX, respectively. In these computations, the effects of relativity, the rearrangement of the electron density and those from the electron-electron correlations have been treated systematically by using the GRASP92 (Parpia, Froese Fischer & Grant 1996) and RATIP codes (Fritzsche 2001) . A similar approach was utilized previously also in order to analyse (and tabulate) the emission lines from the spectra Fe X and Fe XI (Dong, Fritzsche & Fricke 1999; Fritzsche, Dong & Träbert 2000a) . However, instead of discussing the 'full spectrum' of the aluminium-like ions, emphasis is placed below on the lifetimes and the radiative branching fractions of the 3s3 p3d 4 F 7/2,9/2 high angular momentum levels of a few selected iron group elements.
B R I E F O U T L I N E O F T H E C O M P U TAT I O N S
Because the MCDF method and the computational procedure has been explained before in a number of works (Grant 1988; Kohstall et al. 1998; Fritzsche et al. 2000) , here we may restrict ourselves to just a few basic facts about calculations. Details about the individual steps of calculating the excitation energies, transition rates and lifetimes for the multiple charged ions of the iron group can be found in particular in our recent work on the spectrum Fe X (Dong et al. 1999) . Again, the atomic structure package GRASP92 (Parpia et al. 1996) has been utilized in order to generate the (relativistic) wavefunctions of all the eight interesting high angular momentum levels from the 3s3 p 2 , 3s 2 3d and 3s3 p3d configurations. In GRASP92, the MCDF method is implemented in that the atomic states are approximated by a superposition of configuration state functions (CSFs) of well-defined total angular momentum J and parity P,
where the CSFs are built from antisymmetrized products of a common set of orthonormal orbitals, optimized on the basis of the Dirac-Coulomb Hamiltonian. Further relativistic corrections to the electron-electron interaction were then added later in a second step by diagonalizing the Dirac-Coulomb-Breit Hamiltonian matrix. When different MCDF and configuration interaction (CI) computations are compared, one of the major differences often concerns the number of CSFs, n c , in equation (1), which reflects the number of electron-electron correlations to be taken into account. Wavefunction expansions (1) of several tens of thousands CSFs are quite standard today and usually allow one to obtain a very reasonable description of the level structure and transition properties for many multiple and highly charged ions, even including those with open d-shells (Fritzsche 2002) .
In the present case study, we consider the three even-parity levels from the 3s3 p 2 and 3s 2 3d configurations with total angular momentum J = 5/2, as well as the five odd-parity levels from the 3s3 p 3d configuration with J = 7/2 and 9/2. From the 3s3 p 3d electron configuration, the single J = 9/2 level can decay only by forbidden M1 and E2 transitions via the lower-lying levels of the same parity or by a magnetic quadrupole (M2) transition into the 3s3 p 2 2 D 5/2 and 4 P 5/2 levels of even parity. In contrast, the four J = 7/2 levels of the 3s3 p3d configuration may decay both by allowed E1 transitions into 3s3 p 2 and 3s 2 3d as well as by the much weaker M1 and E2 transitions into levels of the same parity.
Taking these possible decay branches into account, the odd-parity excited levels of the 3s3 p3d configuration have been divided into two groups according to their total angular momenta, J = 7/2 and J = 9/2, and one group for the even-parity levels with J = 5/2. For each of these level groups, the wavefunctions were optimized independently in order to incorporate a significant part of the relaxation of the electron density during the photon emission. Although this procedure has been found to be very efficient in describing the low-lying excitation spectrum of multiple charged ions, it results in (one-electron) orbital functions which are not quite orthogonal for the initial and final states of a transition and, hence, require special care in the evaluation of the corresponding transition matrix. In order to include these relaxation effects into our transition probability calculations, we applied two (new) components of the RATIP program (Fritzsche 2001 ) that were adapted recently to support wavefunction expansions of several tens of thousands of CSFs (Fritzsche, Froese Fischer & Dong 2000b; Fritzsche 2001) . Although these relaxedorbital calculations are computationally much more expansive than computations with one orthonormal set of orbitals, this procedure usually results in a better agreement of the transition probabilities as obtained in length and velocity gauge, i.e. for different couplings of the radiation field to the bound electron density.
Electron correlations certainly play the most crucial role in studying the fine structure and transition probabilities of open-shell atoms and ions. In practice, these correlations are treated most properly within the active space method, although often at the price of rather sizable wavefunction expansions. In the present computations, we followed very similar lines as demonstrated before for the spectra of Fe X (Dong et al. 1999) and Fe XI (Fritzsche et al. 2000a ) by including [outside of the (frozen) neon-like core] up to triple (T) excitations of the three valence electrons within the 3s, 3p and 3d subshells as well as single (S) and double (D) excitations in the 4l and 5l shells. Moreover, in order to incorporate the dominant contributions from the core-valence correlations, the single and double excitations from the 2p subshell were also taken into account. With this procedure, the wavefunction expansions contain for instance 2407 CSFs for the J = 7/2 and 1737 CSFs for the J = 9/2 level groups. When compared with the previous computations by Huang (1986) , which included (at most) the excitations within the n = 3 complex, the present calculations are expected to be more reliable.
R E S U LT S A N D D I S C U S S I O N S
The results from our computations on the excitation energies, transition probabilities, lifetimes, and the branching fractions of the high angular momentum levels of the aluminium-like iron group elements are compiled below in four tables. Table 1 displays the excitation energies and lifetimes for the four J = 7/2 levels and the (single) J = 9/2 level of the 3s3 p3d configuration for the five spectra Cr XII, Fe XIV, Ni XVI, Zn XVIII and Ge XX, respectively. For these levels, the excitation energies are shown relative to the 3s 2 3 p 2 P 1/2 ground state and are compared with available experimental and evaluated data from the NIST data base (Ralchenko, Kramida & Reader 2006). As seen from the table, the present calculated excitation energies are in very good agreement for the lowest 4 F 7/2 level with the measurements by Träbert et al. (1993) for both, Fe XIV and Ni XVI. For the higher excited levels, in contrast, our theoretical computations yield energies that are typically a bit larger than those from the NIST database, as far as experimental values are available at all.
With regard to the lifetimes of the J = 7/2 and 9/2 high angular momentum levels, only the 4 F 9/2 level is metastable as it must decay via magnetic dipole (M1) and quadrupole transitions (M2). Compared with the recent lifetime measurements by Träbert et al. (1993) , here we find that our theoretical lifetime of the 4 F 9/2 level is slightly larger for aluminium-like iron (Fe XIV) but not for nickel (Ni XVI). In order to explore this difference in the behaviour of the lifetimes, the wavefunctions for these two ions have been further enlarged but without finding any obvious reason that the lifetime of this level would not decrease quite regularly with the nuclear charge, cf. Table 1 . Here, additional experimental data might help to provide a better data base for comparison and to stimulate further computations. While the 4 F 9/2 level is metastable along the whole isoelectronic sequence, the four J = 7/2 levels decay quite rapidly. In particular, the lifetime of the lowest 4 F 7/2 level (of the high angular momentum states under consideration) becomes comparable to those of other J = 7/2 levels in going from Cr XII to Ge XX. For these levels with E1 allowed decay paths, moreover, the lifetimes agree typically very well if calculated within the length and velocity gauge, reflecting the expected accuracy of our computations.
A detailed comparison of our theoretical results with previous computations and evaluated data is possible, in particular, for the excitation energies and lifetimes of aluminium-like iron (Fe XIV). As seen from Table 2 , however, there are quite large differences already in the predicted energies which, for the high-lying 3s3 p ( 1 P) 3d 2 F 7/2 level, amount up to ∼26 000 cm −1 if the computations by Redfors & Litzen (1989) and Bhatia & Kastner (1993) are compared with each other. While the semi-empirical calculation of Redfors & Litzen (1989) usually gives the smallest excitation energies, our present energies are typically somewhat lower than those from the Breit-Pauli computation by Froese Fischer & Liu (1986) . Much of these differences can be attributed to the incorporation of the single and double excitations into the 4l and 5l layers in the present computations, which were not included previously, a trend that becomes obvious in particular if compared with the small-scale calculations by Huang (1986) and that had been observed before in Fe X and Fe XI (Dong et al. 1999; Fritzsche et al. 2000a) . In contrast to the excitation energies, however, the lifetimes appear to be less sensitive to the computational details for the four J = 7/2 levels but differ by almost a factor 40 for the 4 F 9/2 level asderived from the semi-empirical computations by Bhatia & Kastner (1993) .
In Table 3 , we display the transition energies, wavelengths, emission rates as well as the branching fractions for the lowest 3s3 p( 3 P)3d 4 F 7/2 level and for 3s3 p( 3 P)3d 4 F 9/2 . As expected, the lifetime of the 4 F 7/2 level is determined by the fast E1 decay into some of the J = 5/2 levels of the 3s3 p 2 and 3s 2 3d configurations; for this level, the dipole-forbidden transitions are completely negligible for its lifetime and are not listed in the table. Of course, the strongest decay path is the spin-allowed 4 F 7/2 − 3s3 p 2 4 P 5/2 transition while the two 4 F 7/2 − 2 D 5/2 intercombination lines are suppressed by almost 2 orders of magnitude with a slight increase in going towards the heavier ions. With the increase of the nucleus charge from Cr XII to Ge XX, the strength of the 4 F 7/2 − 3s 2 3d 2 D 5/2 transition becomes large rapidly, while the 4 F 7/2 − 3s3 p 2 2 D 5/2 transition arrives at its minimum in Ni XVI. For the E1 allowed decay branches of the 3s3 p( 3 P)3d 4 F 7/2 level, typically a very good agreement is found for the transition rates when calculated in the two gauges for the coupling of the radiation field.
As discussed before, the decay of the 4 F 9/2 level may follow several E1 forbidden paths. In Table 3 , the strongest M1 and M2 lines are shown while the possible E2 decay paths into the J = 7/2 and 5/2 levels appear to be negligible. For this level, again, there is a competition between a few decay channels: while in Cr XII, for example, the main decay channel is the M2 transition from the 4 F 9/2 into the 3s3 p 2 2 D 5/2 level; however, the 4 F 9/2 − 4 F 7/2 magneticdipole line becomes the strongest one for Ge XX.
In Table 4 , finally, a detailed comparison is made between the present and previous computations for the transition wavelengths and probabilities in Fe XIV. For the 4 F 7/2 − 3s3 p 2 4 P 5/2 transition, for example, a very good agreement is found between most of the computations and with the recent measurement by Träbert et al. (1993) . For the 4 F 7/2 − 3s3 p 2 2 D 5/2 , in contrast, our rates are larger by a factor of 2 compared with Huang (1986) , although the wavelengths agree reasonably well. This enhancement in the transition probability arises from the virtual excitations into the 4l and, by parts also, into the 5l subshells which were not taken into account previously. For the 4 F 7/2 − 3s 2 3d 2 D 5/2 line, moreover, there appears a clear shift towards higher transition energies, which arises from the rather large differences in the 3s 2 3d 2 D 5/2 excitation energy in the various computations. Again, this shift can be attributed to the incorporation of a much larger class of valence-valence and core-valence contributions, which had neither been included in the computations of Huang (1986) nor by Froese Fischer & Liu (1986) .
In conclusion, a systematic MCDF computation has been carried out on the excitation energies and lifetimes of the high angular momentum 3s3 p3d 4 F 7/2,9/2 levels for five aluminium-like ions of the iron group. Both the effects of relativity and correlations have been included by using sizeable wavefunction expansions. The calculated excitation and transition rates as well as the lifetime data will be needed in astrophysics and will, hopefully, stimulate further observation of the lifetimes of the associated levels.
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